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Angle-resolved photoemission studies of single-crystal C6O(111) films grown on Ges(001) reveal changes in
valence feature line shape with emission angle and photon energy that are indicative of band dispersion. For an
excitation energy (h v) of 10 eV, normal emission spectra show four sharp structures within the
—1.1-eV-wide valence feature derived from the second highest molecular orbital (HOMO —1) of C6o. For
h v=8.1 eV, the 1-eV-wide HOMO-derived feature exhibits changes with emission angle mainly due to dis-
persion of 0.6 eV in the unoccupied bands. The distribution of electronic states underlying HOMO and HOMO
—1 indicates that vibronic loss structures are not necessary to explain the width of these valence features.
The apparent similarity of solid and gas-phase C60 photo-
emission results has raised fundamental questions concern-
ing the nature of electronic states in fcc C60 and the associ-
ated superconducting systems. This similarity has been
attributed to the highly molecular character of fcc C60 and
led to speculation that vibronic losses, evident in gas-phase
spectra, may be important for interpreting the solid-state
spectra. ' ' It has also been suggested that the orientational
disorder inherent in C60 crystals at room temperature may
disrupt the formation of extended electronic states ' and pro-
duce a short mean free path in A3C60. Other calculations
have predicted delocalized states in the solids with relatively
wide bands ' and a mean free path nearly two times the
intermolecular separation. The first angle-resolved photo-
emission measurements showed little or no band dispersion
in C60 suggesting that vibronic structures produced the
—1-eV widths of the features derived from the two highest
occupied molecular orbitals. Recently, Gensterblum et al.
observed modulations with emission angle in the HOMO
line shape that they interpreted in terms of a combination of
dispersing bands and vibronic loss structures. The relative
importance of band structures and electron-vibron interac-
tions in crystalline C60 has remained uncertain.
In this paper we report sharp structure in the photoemis-
sion valence features of C6p(111). Changes in energy posi-
tion of these structures with emission angle and photon en-
ergy indicate that the bands disperse, demonstrating that
extended electronic states can be formed in a system that
exhibits profound orientational disorder. The states associ-
ated with HOMO —1 extend over a range of —1.1 eV and
the HOMO-derived bands occupy a range of —1 eV. This
indicates that vibronic loss features are not necessary to ex-
plain the widths of the leading valence features in crystalline
C60-
We interpret our results in terms of dispersion in the oc-
cupied and unoccupied bands. A particularly distinct emis-
sion feature is associated with unoccupied states -6 eV
above the Fermi level (EF). Enhanced emission features
caused by favorable matrix elements between occupied
bands and final states near this energy are evident in HOMO
—1 for a photon energy (h v) of 10 eV and in HOMO for
hv=8. 1 eV. Clear evidence of 0.6-eV band dispersion is
provided by these distinct features as they shift smoothly
with changing emission angle. Comparison of HOMO spec-
tra for hv=8. 1 and 10 eV suggests that the modulations
observed at the lower photon energy rely on structure in the
unoccupied bands.
Single-crystal films of C6o were grown on cleaved
GeS(001) by subliming C6n from a heated Ta boat located
-20 cm from the substrate. The GeS was held at 200'C
during deposition. Low-energy electron diffraction (LEED)
studies of the 150-A-thick crystals indicated an alignment of
the C6n(101) and the GeS(010) directions as in Ref. 14.
LEED from C6o(111) showed sharp spots with low back-
ground intensity across the entire sample surface. The pho-
toemission studies were carried out using the Ames-Montana
ERG-Seya beamline at the Synchrotron Radiation Center. A
LiF filter was used to attenuate photons with energies above
11 eV. All spectra presented here were collected at -300 K.
Photoelectrons were energy analyzed using a 50-mm-radius
hemispherical analyzer with a 2 entrance aperture. Unless
otherwise noted, the total energy resolution (electrons plus
photons) was 100 meV. For Jt v=10 eV the 2' acceptance
angle produces a kII (wave number parallel to the C6n sur-
face) resolution of -0.025 A t for electrons excited from
the center of HOMO —1 (kinetic energy of -2 eV). This is
-6% of the I -K separation (0.418 A ) in the surface Bril-
louin zone assuming a lattice parameter of 14.2 k' The kII
values are calculated using a work function of 4.7 eV and
0
using kII(A ') =0.51E& sin8, where Et, is the kinetic energy
in eV and 8 is the electron emission angle.
Figure 1 shows the leading C60 valence features in spectra
normalized to photon flux and taken with h v=10 eV. Dis-
tinct structures are seen in HOMO —1 that have not previ-
ously been observed but reflect the underlying band struc-
ture. For h v= 10 eV the electrons from HOMO —1 reach the
zone edge (lt.) for 8=36' and the higher kinetic energy
HOMO electrons reach the K point for 8=27'. The tick
marks in HOMO —1 provide a guide for following two in-
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FIG. 1. Spectra showing the evolution of structure within
HOMO and HOMO —1 as the emission angle is varied. Structures
in HOMO —1 can be followed as they shift in energy, indicating
band dispersion.
ternal structures as they change energy position with 8.
Structures in HOMO are present, but much more subtle, pos-
sibly resulting from a more even distribution of underlying
The sharp structure and changes in line shape seen in Fig.
1 are characteristic of band dispersion. Shifts are easily ob-
servable with changes in 8 as small as 2'. However, the
multitude of both initial and final electronic states (e.g., five
bands in HOMO and nine bands in HOMO —1) makes it
impossible to assign specific structures within HOMO —1 to
individual bands. The uppermost spectra in Fig. 1 show a
structure in HOMO —1 that shifts from 3.3 to 3.8 eV as 8
goes from 26' to 36 . While we do not associate this struc-
ture with an individual band, the shift still suggests disper-
sion on the order of 500 meV in the HOMO —1 bands.
Equally impressive shifts (not marked) can be seen in the
spectra near 8=0' and 20 and less distinct structure is
present for 8 near 12'.
Dispersion in the unoccupied bands contributes to the
HOMO —1 structure shown in Fig. 1 along with dispersion
in the occupied bands. In particular, we find evidence (dis-
played in Fig. 2) that the feature marked in HOMO —1 for 8
near 0 is associated with unoccupied states. Structure in the
unoccupied bands is expected to have noticeable effects on
the HOMO —1 line shape because the states being accessed
with h v= 10 eV are only -6.5 eV above EF and should not
be plane-wave-like. Inverse photoemission studies show
sharp, highly structured conduction-band features as high as
-7 eV above EF.
The line-shape changes with emission angle of HOMO
—1 are not consistent with mechanisms for spectral modu-
lation other than band dispersion. Polarization effects should
have little impact since the bands are derived from molecular
orbitals having the same symmetry and character (mg). ' In
addition, polarization effects typically produce gradual
modulations with emission angle, not the distinct changes
over 2' present in Fig. 1. Matrix element effects can modu-
late relative emission intensities even in the absence of sig-
nificant dispersion, but they will not produce shifts with 8 as
seen in Fig. 1. In fact, the distribution and 8 dependence
argue that there are dispersing bands underlying the entire
width of this feature (2.9—4.0 eV).
Evaluation of the HOMO-derived features in Fig. 1 re-
veals discernible line-shape changes such as the
-100-meV shift of the HOMO maximum between the
8=12' and 14' spectra. The difference in structural com-
plexity between HOMO and HOMO —1 could refiect (1) in-
creased structure in the unoccupied bands below 7 eV as
suggested by density-of-states (DOS) calculations and in-
verse photoemission results, ' (2) a more even distribution
of the five h„-derived bands underlying HOMO, (3) greater
sensitivity to orientational disorder for the HOMO-derived
bands. In general, the states nearer the Fermi level have more
angular dependence and may be more affected by the ori-
entational disorder intrinsic to fcc C6o."
Figure 2 displays normal emission spectra for HOMO —1
with 50-meV resolution. Differences between spectra reflect
line-shape changes only; the spectra are not normalized to
photon Aux. Comparison of the 10.0-eV spectrum in Fig. 2
and the corresponding lower resolution spectrum in Fig. 1
reveals that the shoulder at 3.8 eV in Fig. 1 becomes a well-
defined peak with enhanced resolution and the other intensity
steps are slightly sharper.
The tick marks in Fig. 2 denote constant kinetic-energy
positions in each spectrum. The mark at 4.6 eV in the
h v=10.8 eV curve corresponds to emission from states 6.2
eV above EF . A sharp emission feature associated with this
final-state energy can be seen in each spectrum with
9.2&h v&10.2 eV. At lower photon energies (Ir v= 8.1, 8.3,
and 8.5 eV) a similar feature is observed in HOMO near this
final-state energy even though the bands underlying HOMO
are derived from orbitals with opposite symmetry. These en-
hanced emission features may originate through transitions
from occupied bands to a concentration of available empty
states or from favorable matrix elements that increase the
probability of excitation into states 6.2 eV above EF . Unoc-
cupied bands with little dispersion over much of the I -L
separation (direction perpendicular to the C 6o surface) would
produce a spike in the DOS. However, nearly flat bands are
not necessary to explain the unchanging kinetic energy be-
cause the I -L dispersion of unoccupied bands is not mea-
sured by changing h v. A second, constant kinetic-energy fea-
ture is marked in the upper spectra -0.35 eV closer to Ez
than the first structure. This feature is consistent with a
broader grouping of unoccupied bands producing another
peak in the electronic state distribution.
The upper spectra of Fig. 2 show that features associated
with emission from the 6.2- and 6.5-eV final states persist,
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FIG. 2. Normal emission HOMO —1 spectra. Tick marks denote
positions of fixed kinetic energy corresponding to unoccupied states
6.2 and 6.5 eV above EF.
with greatly reduced intensity, into the region between
HOMO —1 and HOMO —2. The intensity reduction below
4.0 eV can be seen by comparing the h v= 10.0 and 10.4 eV
spectra, where the height of the sharper feature goes from
-0.5 to -0.06 times the HOMO —1 maximum. We associ-
ate this intensity change with the high-binding-energy edge
of HOMO —1 and conclude that occupied bands exist down
to 4 eV, where only vibronic structures are seen in gas-phase
spectra. The weak emission features below HOMO —1 can
be explained in terms of electrons scattering into the 6.2-eV
region after excitation into higher-lying levels. Similar ef-
fects have been observed for TiC(001), where the peak in-
tensity of a constant kinetic-energy feature occurred for di-
rect coupling of initial and final states but structure persisted
when electrons were excited to a higher portion of the band
and scattered to a minimum in the band before being
emitted. '
Figure 2 also shows that the width of HOMO —1 is only
-0.6 eV in the h v= 9.0 eV spectrum, which is significantly
less than the —1.0-eV width reported for gas-phase
spectra. ' The width increases to 1.1 eV in the upper spectra.
Such changes are consistent with the existence of gaps in the
distribution of unoccupied bands, as observed in inverse
photoemission, ' and dispersion of the bands underlying
HOMO —1. A minimum in the density of states -5.5 eV
above E~ would produce the low emission intensity on the
high-binding-energy side HOMO —1 in the h v=9.0 eV
spectrum. At higher photon energies, electrons from the
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FIG. 3. Spectra revealing HOMO-feature line-shape changes.
The marked structure shifts from —1.9 to 2.5 eV as a result of
transitions from HOMO bands to unoccupied bands that disperse
0.6 eV.
deeper HOMO —1 bands are excited to final states above this
minimum, revealing the entire width of HOMO —1. Disper-
sion of the HOMO —1 bands in the l -L direction may also
contribute to the changes in width of the emission feature
since increasing the photon energy changes k~ .
Figure 3 shows a sharp structure apparent near 1.9 eV in
the 8=0' spectrum, that shifts to 2.5 eV in the 8= 15' spec-
trurn. At higher emission angles more subtle structures can
be seen, such as a shoulder in the high-binding-energy side
of HOMO in the 8=18 spectrum and the double-peaked
structure in the 8=24' curve. The upper two curves show
the nearly Gaussian line shapes characteristic of HOMO
spectra for h v= 10 eV (Fig. 1).
Taken together with Fig. 1, the changes seen in Fig. 3
provide evidence that unoccupied bands disperse from
-6.2 to 5.6 eV above EF as kj~ runs from I toward K. The
modulations also show that the bands underlying HOMO are
distributed over a —1-eV range. This demonstrates that vi-
bronic structures do not determine the width of HOMO and
that band structures persist even with the orientational disor-
der inherent to fcc C60.
The sharp feature marked in Fig. 3 was not present in the
HOMO spectra for h v= 10 eV (Fig. 1), and normal emission
spectra collected with hv=8. 3 and 8.5 eV show a corre-
sponding feature at a constant kinetic energy. This suggests
that it is primarily related to structure in the unoccupied
bands accessed by 8.1-eV excitations from bands underlying
HOMO. (The hv=8. 3 and 8.5 eV spectra show another,
more intense, constant kinetic-energy feature associated with
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states -6.5 eV above Et; .) The lack of sharp structure in the
upper spectra of Fig. 3 indicates that the unoccupied bands
-6 eV above Ez are less important for determining valence
feature line shape when k~~ is well away from I'. In Fig. 1,
however, HOMO —1 shows distinct modulations even for
k~~ away from I that we interpret in terms of dispersion in the
occupied bands.
Recently, Gensterblum et al. reported line-shape modula-
tions in HOMO as a function of 8 with h v=8.1 eV. Their
curves were qualitatively consistent with those presented in
Fig. 3 showing the HOMO maximum shifting to higher bind-
ing energy away from ted= 0' and less structure for k~~ near X.
However, the curves presented here show significantly
sharper structure. Gensterblum et al. interpreted their results
in terms of four features underlying HOMO. 7wo of these
features were assigned to dispersing HOMO bands. They
speculated that the other two were vibronic loss features. Our
data indicate that the structure observed in HOMO with
h v= 8.1 eV originates primarily in the dispersion of unoccu-
pied bands with propitious matrix elements. The tight distri-
bution of bands underlying HOMO and HOMO —1 makes
the identification of individual bands somewhat tenuous.
The intense vibronic loss features in gas-phase C6p pho-
toemission led to the interpretation of fcc Csu(111) spectra in
terms of analogous vibrational structures. In addition to the
work by Gensterblum et al. , Wu et al. reported that band
dispersion was no more than 50 meV and concluded that the
HOMO feature was broadened to —1 eV by vibronic cou-
pling. We find that the underlying bandwidth for HOMO and
HOMO —1 are actually -1 eV and that the vibronic side-
band contributions are small. Reduced vibronic contributions
relative to the gas phase can be understood by analogy to
theoretical work with excitons in phonon fields. Toyozawa
has shown that the intensity of phonon sidebands relative to
the primary emission intensity will be on the order of
(2E~h/W), where E~„ is the phonon energy and W is the
bandwidth of the electron final state. Here, photon absorp-
tion involves dipole transitions to states that have substantial
molecular character but are broadened by solid-state effects
so that the bandwidths are large relative to C6p vibron
energies. For example, assuming typical final-state band-
widths of -2 eV (Ref. 12) and vibron energies of —100
meV, the sideband contribution will only be a few percent of
the HOMO and HOMO —1 intensities. The simple rela-
tionship breaks down as 2E~h approaches W, so a direct
comparison between gas-phase (flat bands) and solid-state
results does not immediately follow.
We have shown sharp photoemission features of
C60(111) resulting from structure in the band distribution.
Such sharp structure is remarkable since the randomly or-
dered molecules of fullerene crystals were previously
thought to disrupt conditions necessary for Bloch states and
distinct band structure. Our results support the recent work
of Deshpande et al. that predicted the propagation of states
near EF with a mean free path of —18 A in orientationally
disordered A3C6p even though there is strong scattering
from orientational fluctuations. ' We have also argued that
vibronic loss features should be small for solid C6p.
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